The usage of this PDF file must comply with the IEICE Provisions on Copyright. The author(s) can distribute this PDF file for research and educational (nonprofit) purposes only. Distribution by anyone other than the author(s) is prohibited. SUMMARY Many selected mapping (SLM) schemes have been proposed to reduce the peak-to-average power ratio (PAPR) of orthogonal frequency division multiplexing (OFDM) signal sequences. In this paper, an efficient selection (ES) method of the OFDM signal sequence with minimum PAPR among many alternative OFDM signal sequences is proposed; it supports various SLM schemes. Utilizing the fact that OFDM signal components can be sequentially generated in many SLM schemes, the generation and PAPR observation of the OFDM signal sequence are processed concurrently. While the u-th alternative OFDM signal components are being generated, by applying the proposed ES method, the generation of that alternative OFDM signal components can be interrupted (or stopped) according to the selection criteria of the best OFDM signal sequence in the considered SLM scheme. Such interruption substantially reduces the average computational complexity of SLM schemes without degradation of PAPR reduction performance, which is confirmed by analytical and numerical results. Note that the proposed method is not an isolated SLM scheme but a subsidiary method which can be easily adopted in many SLM schemes in order to further reduce the computational complexity of considered SLM schemes.
Introduction
Orthogonal frequency division multiplexing (OFDM) is a multicarrier modulation method that utilizes orthogonal subcarriers. OFDM has been adopted as a standard modulation method in many wireless communication systems such as digital audio broadcasting (DAB), digital video broadcasting (DVB), IEEE 802.11 wireless local area network (WLAN), and IEEE 802.16 wireless metropolitan area network (WMAN). Similar to other multicarrier schemes, OFDM suffers from the high peak-to-average power ratio (PAPR) problem, which makes its implementation quite costly. Thus, it is highly desirable to reduce the PAPR of OFDM signal sequences [1] , [2] .
Over the last few decades, various schemes to reduce the PAPR of OFDM signal sequences have been proposed such as clipping [3] , [4] , coding [5] , [6] , active constella- tion extension (ACE) [7] , tone reservation (TR) [8] - [10] , partial transmit sequence (PTS) [11] , and selected mapping (SLM) [12] . Among them, SLM and PTS schemes have been widely studied because of their good PAPR reduction performance without bit error rate (BER) degradation. However, they require many inverse fast Fourier transforms (IFFTs) which cause high computational complexity. It is well known that the SLM scheme is more advantageous than the PTS scheme if the amount of side information (SI) is limited. Therefore, some low-complexity SLM schemes have been proposed [13] - [18] . For example, in [17] , conversion matrices are used to generate alternative OFDM signal sequences instead of using IFFTs.
In this paper, an efficient selection (ES) method of the OFDM signal sequence with minimum PAPR is proposed, which is a new approach to reduce the computational complexity of SLM schemes. The proposed ES method can be applied to most SLM schemes including not only the conventional SLM scheme but also low-complexity SLM schemes in [15] , [17] , [18] , [24] - [29] . By applying the proposed ES method, various SLM schemes are implemented with lower computational complexity, and the simulation results confirm that the ES method substantially reduces the average computational complexity of various SLM schemes. The reduction of the average computational complexity leads to not only the reduction of average latency but also the reduction of average power consumption which is of great importance for present and future wireless communication systems. Note that the proposed ES method does not degrade the PAPR reduction performance of SLM schemes.
The rest of the paper is organized as follows. In Sect. 2, the conventional SLM scheme and three low-complexity SLM schemes are briefly reviewed. In Sect. 3, sequential generation and the ES method are introduced. In Sect. 4, application of the ES method to the conventional SLM scheme is described. Also, the computational benefit of the ES method is stochastically analyzed. In Sect. 5, the proposed ES method is applied to the three low-complexity SLM schemes introduced in Sect. 2. The computational benefit of the proposed ES method is evaluated through simulations in Sect. 6, and the conclusions are given in Sect. 7.
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Conventional SLM Scheme and Low-Complexity SLM Schemes
In this section, the conventional SLM scheme and three lowcomplexity SLM schemes are briefly introduced. Three lowcomplexity SLM schemes are selected because they are frequently cited in many literatures and show good PAPR reduction performance with reduced computational complexity.
Conventional SLM Scheme
Let X = {X(0), X(1), ..., X(N − 1)} be the input symbol sequence and x = {x(0), x(1), ..., x(N −1)} be the OFDM signal sequence corresponding to X, where N is the number of subcarriers. Without loss of generality, X(k)'s are assumed to be statistically independent and identically distributed (i.i.d.) random variables with zero mean. The relation between the input symbol sequence X in frequency domain and the OFDM signal sequence x in time domain can be expressed by N-point IFFT as
and therefore an OFDM signal component x(n) is expressed as
where
N and n ∈ Z N = {0, 1, 2, · · · , N − 1}. The conventional SLM scheme [12] is described in Fig. 1 , which generates U alternative OFDM signal sequences
To generate U alternative OFDM signal sequences, U distinct phase rotation vectors P u known to both transmitter and receiver are used, where
1 is an all-one vector. Then, the input symbol sequence X is multiplied by each phase rotation vector P u element by element to generate U distinct alternative input symbol sequences
. Each of these U alternative input symbol sequences is IFFTed to generate total U alternative OFDM signal sequences x u = IFFT(X u ), and their PAPRs are calculated. Finally, the alternative OFDM signal sequence x˜u having the minimum PAPR is selected for transmission as
for all u's. Note that the SI onũ needs to be transmitted in order to properly demodulate the received OFDM signal sequence at the receiver, and U IFFTs are the dominant factors in the complexity of the conventional SLM scheme.
Pseudo code 1: the conventional SLM scheme 1: γ ⇐ ∞.
end if 8: end for 9: transmit xũ with the SI onũ.
Pseudo code for the conventional SLM scheme is given as Pseudo code 1 where, to find the OFDM signal sequence with the minimum PAPR, the value of γ is updated repetitively at each generation of alternative OFDM signal sequences. The value of γ in Pseudo code 1, called an intermediate minimum PAPR value, is the minimum among the PAPR values of the alternative OFDM signal sequences generated until the present iteration. For convenience, we use γ (u) to denote the value of γ after the PAPR of the u-th alternative OFDM signal sequence is compared, which is also represented as
2.2 Low-Complexity SLM Schemes
In this subsection, three low-complexity SLM schemes are briefly reviewed, which have lower computational complexity than that of the conventional SLM scheme with the same number of alternative OFDM signal sequences.
Lim's SLM Scheme
It is already known that one N-point IFFT consists of l = log 2 N stages. In Lim's SLM scheme [15] , the N-point IFFT of the input symbol sequence X is processed from the The alternative OFDM signal sequences in Baxely's SLM scheme are generated by IFFT as the conventional SLM scheme, but the best OFDM signal sequence selection strategy is different [18] . Suppose that the high power amplifier (HPA) used in the OFDM system is linear up to the saturation PAPR point γ 0 . That is, the saturation PAPR point is the input signal PAPR level where the distortion of HPA begins. Then, achieving a PAPR value less than γ 0 does not help to improve the power efficiency of the HPA. Therefore, Baxely's SLM scheme stops generating more alternative OFDM signal sequences if an alternative OFDM signal sequence with PAPR less than γ 0 is found. With overwhelmingly low probability, all the U alternative OFDM signal sequences have PAPR values larger than γ 0 for the practical value of U, and in this case Baxely's SLM scheme clearly selects the one with the minimum PAPR.
ES Method
Inefficient Computation Problem of SLM Schemes
SLM schemes commonly have total U generation blocks to generate U alternative OFDM signal sequences. For example, in the conventional SLM scheme, there are U IFFT blocks. In Lim's SLM scheme, there are one IFFT block and U − 1 partial IFFT blocks. Also, in Wang's SLM scheme, there are one IFFT block and U − 1 conversion matrix multiplication blocks. Also, SLM schemes contain the selection procedure of the best OFDM signal sequence. For example, in the conventional SLM scheme, the sequence with minimum PAPR is selected. In Baxley's SLM scheme, the best OFDM signal sequence selection strategy depends on the saturation point of HPA γ 0 . Meanwhile, if one looks at the selection procedure in these SLM schemes, the u-th alternative OFDM signal components x u (n) are fully generated for all n's in parallel and then the PAPR value of x u is calculated. For example, in Pseudo code 1, at the third line, x u is generated by processing the whole one N-point IFFT, and then PAPR observation and comparison are processed at the fourth line. Such "full" generation of the sequence followed by "full" observation of its power value is inefficient in a computational sense. The reason is that the PAPR value of the sequence is dominated by the components with high power regardless of the other components, and "partial" generation followed by "partial" observation can sufficiently inform us whether the sequence will be selected or not.
Sequential Generation and ES Method
Based on the above motivation, we define sequential generation and, by utilizing it, propose the ES method as follows.
Sequential generation: In the u-th generation block in an SLM scheme, alternative OFDM signal components x u (n) are generated one by one for each n by doing a few more additional computation. Since sequential generation of alternative OFDM signal components is determined by the considered SLM scheme, it can be easily understood by using examples given in Sects. 4 and 5.
ES method:
In an SLM scheme, if the sequential generation is possible, the sequential generation of the u-th alternative OFDM signal components and its PAPR observation are processed concurrently. The generation of that alternative OFDM signal components can be interrupted (or stopped) according to the selection criteria of the best OFDM signal sequence in the considered SLM scheme. An interruption means that the sequential generation of the uth alternative OFDM signal components is stopped and then moves on to the next (u + 1)-st generation block.
There are several benefits of the ES method as follows.
• Clearly, the ES method does not affect PAPR reduction performance because the ES method just prevents unnecessary computations.
• Due to interruption, the ES method can reduce average computational complexity, which entails reduction of average latency and power consumption of the considered SLM scheme.
• The computational benefit of the ES method is also valid for low-complexity SLM schemes. The ES method is not an isolated SLM scheme but a subsidiary method, which can be adopted in most SLM schemes.
Fortunately, sequential generation of alterative OFDM signal components is possible in almost all SLM schemes, which means that our ES method can be applied to many SLM schemes.
Application to the Conventional SLM Scheme
In this section, we show that the proposed sequential generation is possible in the conventional SLM scheme and ex- plain how to apply the ES method to the conventional SLM scheme.
Sequential Generation of OFDM Signal Components in the Conventional SLM Scheme
We will explain how to sequentially generate alternative OFDM signal components in the conventional SLM scheme, which are generated by IFFT.
In the computational sense, it is widely known that an N-point IFFT requires total N log 2 N node values which are computed by complex addition and/or multiplication. The computational complexity of an IFFT is induced by these nodes, and Fig. 2 shows an 8-point IFFT structure in decimation-in-frequency (DIF) with its 24 nodes. Generally, the OFDM signal components x(0), x(4), x(2), · · · , x(7) are generated by parallel computing the 24 nodes stage by stage.
On the other hand, a sequential generation of the OFDM signal components can be considered in IFFT. For example, the 24 nodes of the 8-point IFFT in Fig. 2 are marked by eight different dashed shapes. Clearly, x(0) is generated by computing the seven 'dashed circle' nodes. Then x(4) is generated by additionally computing only one more 'dashed square' node, and then x(2) is generated by computing three more 'dashed triangle' nodes, and then x(6) is generated by computing one more 'dashed star' node.
x(1) can be generated by computing the seven 'dashed pentagon' nodes. Clearly, x(5), x (3) , and x(7) are generated, similar to the case of x(4), x (2) , and x (6) . Generally, in an N-point IFFT, the OFDM signal components
in decimated order can be sequentially generated by doing a few more additional computations to the previous component generation. Note that the total computational complexity of the sequential generation and the traditional (parallel) generation is the same if the OFDM signal sequence is fully generated.
The sequential generation of the N-point IFFT values requires extra memory space for the N log 2 N nodes in addition to the N memory space required to implement the conventional IFFT. But, this storage requirement is not serious because the cost of the memory is cheap in these days.
Note that the sequential generation is possible for other DIF IFFT structures such as radix-4 and radix-8 DIF IFFT structures by similar methods. Also the actual node connection in decimation-in-time (DIT) IFFT structure is the same as that in DIF IFFT structure. Therefore, the sequential generation is possible for DIT IFFT structures, too.
Application of the ES Method to the Conventional SLM Scheme
At the u-th iteration in Pseudo code 1, after all the components of x u are generated by performing N-point IFFT, the components' powers and PAPR(x u ) are computed, and then the PAPR(x u ) is compared with γ (u−1) . As we mentioned, this brings about computational inefficiency.
While generating the u-th alternative OFDM signal sequence by the sequential generation, if a component power is larger than
, we immediately stop the generation procedure and move on to the sequential generation of the (u+1)-st alternative OFDM signal sequence. Note that the PAPR reduction performance of the conventional SLM scheme is not affected by this interruption.
Clearly this interruption reduces the computational complexity corresponding to the u-th IFFT in the conventional SLM scheme. Suppose that the generation procedure of the u-th alternative OFDM signal sequence is interrupted after the first three OFDM signal components are generated when N = 8. Then, only the 11 nodes are computed in the u-th IFFT as shown in Fig. 3 .
Pseudo code 2 shows a detailed procedure of the conventional SLM scheme aided by the proposed ES method. The third and fourth lines in Pseudo code 2 show the sequential generation of the components of the u-th alternative OFDM signal sequence. As the fifth, sixth, and seventh lines in Pseudo code 2 show, the sequential generation may be interrupted based on the value of γ, and thus the average computational complexity of the conventional SLM scheme is reduced. Note that the average power E[|x(n)| 2 ] is calculated from the used signal constellation. Figure 4 shows a block diagram of the conventional SLM scheme aided by the proposed ES method. Except the first IFFT block, at each IFFT block, the sequential generation of the components of each alternative OFDM signal sequence can be interrupted according to the value of γ (u) .
Complexity Analysis for the Nyquist Sampling Case
In this subsection, we analyze the computational complexity of the conventional SLM scheme aided by the ES method Pseudo code 2: the conventional SLM scheme aided by the ES method 1: γ ⇐ ∞.
generate x u (n) by the sequential generation in Section 4.1.
go to 11. 7:
end if 8: end for 9:
γ ⇐ PAPR(x u ). 10: xũ ⇐ x u . 11: end for 12: transmit xũ with the SI onũ.
for the Nyquist sampling case, which can give an insight of the computational benefit of the proposed method. We only consider the computational complexity required to generate U alternative OFDM signal sequences by doing IFFTs, which is a dominant factor in the computational complexity of the SLM scheme. Also, we consider the computational complexity in the average sense because the interruption of IFFT in the proposed ES method occurs depending on the random input symbol sequences.
Let B u be the random variable denoting the number of generated OFDM signal components by the sequential generation at the u-th IFFT until an interruption occurs, 2 ≤ u ≤ U. Let D N denote the amount of computations for one N-point IFFT. Then we can obtain the average computational complexity of the conventional SLM scheme aided by the ES method as (5) where K N (b) denotes the computational complexity to generate b OFDM signal components in an N-point IFFT by the sequential generation, and p B u (b u ) denotes the probability mass function (PMF) of B u . Clearly, the computational complexity of the conventional SLM scheme with U alternative OFDM signal sequences without the ES method is UD N .
Characteristics of a Nyquist-Sampled OFDM Signal Sequence
Prior to deriving the functions K N (b) and p B u (b u ) in (5), we overview the characteristics of a Nyquist-sampled OFDM signal sequence x. In this paper, as in many other works, it is assumed that an OFDM signal component is a complex Gaussian random variable with zero mean and E[|x(n)| 2 ] variance, which is a good approximation for a large number of subcarriers due to the central limit theorem [19] . Since an OFDM signal component is complex Gaussian, the amplitude of an OFDM signal component is Rayleigh distributed. Thus, it is easy to show that the probability that the power of an OFDM signal component x(n) is smaller than γE[|x(n)| 2 ] is given as
Moreover, IFFT of statistically independent inputs produces statistically independent outputs, and thus the OFDM signal components are mutually independent. Also, we assume that U phase rotation vectors are mutually independent, and thus U alternative OFDM signal sequences are mutually independent. Then, we have [19] 
Derivation of K N (b)
Since D N is defined as the computational complexity for one N-point IFFT and N log 2 N nodes have to be computed in one N-point IFFT, we can define the computational complexity per node as
Then, as in Fig. 2 , the first OFDM signal component x(0) is generated by computing (2 0 + 2 1 + 2 2 ) 'dashed circle' nodes, which requires the computational complexity 
Note that In order to have an insight into the computational complexity, K N (b)/D N versus b for N = 128 is plotted in Fig. 5 . Note that Fig. 5 shows a near linear relationship. For instance, b = 64 at the x-axis corresponds to 0.5 at the y-axis, which implies that, by using the sequential generation, a half of OFDM signal components are generated with a half of the computational complexity of one IFFT. In Fig. 5 , many jumps are observed due to the floor functions in K N (b).
Distribution of p B u (b u )
Clearly, the probability distribution of B u depends on the value of γ (u−1) and thus the PMF of B u can be represented as
for an integer b u within [1, N] , where p B u |γ (u−1) (b u | γ) is the conditional PMF of B u given that γ (u−1) = γ and f γ (u−1) (γ) is the probability density function (PDF) of the random variable γ (u−1) . By using Γ(γ), p B u |γ (u−1) (b u | γ) and f γ (u−1) (γ) are expressed [12] as
and
where F γ (u−1) (γ) is the cumulative distribution function (CDF) of γ (u−1) . Therefore, by plugging (9) and (10) into (5), we obtain the average computational complexity of the conventional SLM scheme aided by the ES method for the Nyquist sampling case.
Complexity Analysis for Oversampling Case
It is well known that four-times oversampling is sufficient to estimate PAPR of continuous time OFDM signals [23] . Thus, practically, SLM schemes are often used with fourtimes oversampling. In this subsection, we analyze the computational complexity of the conventional SLM scheme aided by the ES method for four-times oversampling case. In the conventional SLM scheme, the four-times oversampled alternative OFDM signal sequence is generated by performing 4N-point IFFT to the input symbol sequence of length N padded with 3N zeroes.
Let B u be the random variable representing the number of generated oversampled OFDM signal components at the u-th IFFT in the conventional SLM scheme aided by the ES method and its range is [1, 4N] . Thus, similar to the Nyquist sampling case, the average computational complexity of the conventional SLM scheme aided by the ES method for fourtimes oversampling case is 
} denote the fourtimes oversampled (u + 1)-th alternative OFDM signal sequence and let E[|x(n)| 2 ] = 2σ 2 . Now we introduce several characteristics of the four-times oversampled OFDM signal components. Firstly, since the distribution of PAPR(x u ) is similar to that of continuous OFDM signal, the CDF of PAPR(x u ) can be approximated by using the results for the continuous OFDM signal in [21] as
Secondly, the four-times oversampled OFDM signal componentsx(n) can be regarded as complex Gaussian random variables with zero mean and variance 2σ 2 due to the central limit theorem. Thirdly, it is easy to check that, when the sequential generation is used, the four-times oversampled OFDM signal components are generated in the following order [22] .
Fourthly, the four-times oversampled OFDM signal components in the same set {x(4s + p) : s ∈ Z N } for any fixed p ∈ Z 4 are statistically independent, which is easily derived from the covariance properties of OFDM signal components [19] 
for an integer b u in [1, 4N] . By using (14) , the PDF f γ (u−1) (γ) in (16) is given as
By using the characteristics of the four-times oversampled OFDM signal componentsx(n), the conditional PMF
for m ∈ Z N . Since the oversampled OFDM signal componentsx(n) are complex Gaussian random variables, Υ(γ),Ψ(γ), and Φ(γ) in (19) are obtained by dealing with joint Gaussian PDFs. We only derive Υ(γ) in Appendix A due to the lack of space and Ψ(γ) and Φ(γ) can be analogously obtained.
Comparison between Analytical and Simulation Results
In this subsection, we compare the analytical results in Sects. 4.3 and 4.4 and the simulation results obtained by simulating 10 5 randomly generated input symbol sequences with 16-quadrature amplitude modulation (16-QAM) for each subcarrier. Since the distribution of p B u (b u ) for the Nyquist sampling and four-times oversampling cases in (10) and (16) are too complex to deal with, numerical integration and least squares curve fitting of Υ(γ),Ψ(γ), and Φ(γ) in (19) are utilized to obtain analytical results. The number of subcarriers is N = 256 and the numbers of the alternative OFDM signal sequences are U = 2, 3, · · · , 10.
The computational complexity reduction ratio (CCRR) is used to evaluate the computational benefit of the proposed ES method. The CCRR of the considered SLM scheme aided by the proposed ES method over the considered SLM scheme is defined as 1− complexity of considered SLM aided by ES complexity of considered SLM without ES ×100(%).
(20) Figure 6 compares the analytical and the simulation results in terms of CCRR of the conventional SLM scheme aided by the proposed ES method over the conventional SLM scheme as a function of U for the two sampling cases. In Fig. 6 , for both sampling cases, the analytical results derived in Sects. 4.3 and 4.4 show very good agreement with the simulation results. As U increases, small gap appears between analytical and simulation results, which may be due to the several assumptions in the derivations.
Application of the ES Method to Various LowComplexity SLM Schemes
In this section, we briefly introduce how to apply the pro-posed ES method to Lim's [15] , Wang's [17] , and Baxley's [18] low-complexity SLM schemes. The basic methodology of these applications is similar to the conventional SLM case. In Lim's, Wang's, and Baxely's SLM schemes, it is possible to implement the sequential generation of the alternative OFDM signal components, and thus the ES method can be applied to these SLM schemes.
Lim's SLM Scheme Aided by the ES Method
In Lim's SLM scheme aided by the ES method, the common IFFT procedure from the 1-st stage to the (log 2 N − r)-th stage is the same as the case without the ES method. However, at the remaining stages of IFFT, the sequential generation can be implemented as given in Sect. 4.1. Consequently, to generate U − 1 alternative OFDM signal sequences, the remaining stages can be partially processed according to the interruption based on the intermediate minimum PAPR value.
Wang's SLM Scheme Aided by the ES Method
Clearly, some part of an alternative OFDM signal sequence is generated by multiplying the corresponding columns of the conversion matrix to the original OFDM signal sequence x. Thus, the sequential generation can be implemented in Wang's SLM scheme. Consequently, the U − 1 conversion matrix-vector multiplications can be partially processed according to the interruption based on the intermediate minimum PAPR value.
Baxely's SLM Scheme Aided by the ES Method
Baxely's SLM scheme uses the saturation PAPR point of HPA as γ 0 . Therefore, if the ES method is applied, each IFFT is partially processed based on γ 0 . More precisely, while the alternative OFDM signal components are sequentially generated by performing IFFT, the generation can be interrupted if an OFDM signal component having a power larger than γ 0 E[|x(n)| 2 ] appears. Then, the next alternative OFDM signal sequence is sequentially generated and checked by γ 0 in the same manner.
As described in Sect. 2.2.3, all the U alternative OFDM signal sequences have larger PAPR values than γ 0 with very low probability, for example, such probability value is 1.37 × 10 −7 for N = 256, U = 16, and γ 0 = 8 dB. When all U alternative OFDM signal sequences have larger PAPR than γ 0 , Baxely's SLM scheme without the ES method tests all the U alternative OFDM signal sequences and selects the one with minimum PAPR which is larger than γ 0 . Likewise, in this case, Baxely's SLM scheme with the ES method finishes the partially processed the all U IFFT blocks and selects the one with the minimum PAPR.
The computational complexity of three low-complexity SLM schemes aided by the ES method can be analytically derived in the analogous manner as in Sects. As already explained, in addition to the above three lowcomplexity SLM schemes, our ES method can be applied to many existing low-complexity SLM schemes [24] - [29] . Due to lack of space, we simply list a part of them.
Simulation Results
In this section, we present some numerical results including the average computational complexity obtained by simulating 10 5 randomly generated input symbol sequences. As in other literatures, we only compare the computational complexity required for generation of alternative OFDM signal sequences, which is a dominant factor in SLM schemes. Clearly, the PAPR reduction performance is not degraded by applying the ES method and thus we compare only the computational complexity. The computational benefit of the ES method does not depend on the modulation order and thus 16-QAM is used for all cases.
Simulation Results for the Conventional SLM Scheme
Aided by the ES Method
For the conventional SLM case, we simulate the OFDM system with N = 256, 1024. Table 1 provides the computational complexity and the CCRR of the conventional SLM scheme aided by the ES method over the conventional SLM scheme for two sampling cases. To implement four-times oversampling, 3N zeroes are added to the (alternative) input symbol sequences and 4N-point IFFT is performed. Therefore, the computational complexity of the conventional SLM scheme without the ES method is UD 4N when four-times oversampling is used. Table 1 shows that the ES method substantially reduces the computational complexity of the conventional SLM scheme for all cases. Table 1 also shows that the number of subcarriers N has little effect on the computational benefit of the ES method, and the reduction ratio of computational complexity by using the ES method increases as U increases.
Simulation Results for Low-Complexity SLM Schemes Aided by the ES Method
For the three low-complexity SLM schemes introduced in Sect. 5, simulation has been performed when N = 256 and four-times oversampling is used. Note that the proposed ES method is not an isolated SLM scheme but a subsidiary method which can be adopted in SLM schemes. Therefore, in what follows, CCRR values is defined by comparing to the considered SLM scheme without ES method not the conventional SLM scheme to show the benefit of the proposed Table 2 shows the computational complexity and the CCRR of the Lim's SLM scheme aided by the ES method over Lim's SLM scheme. In Lim's SLM scheme, the number of remaining stages r is set to 5 guaranteeing good PAPR reduction performance. It is clear that the ES method substantially reduces the computational complexity of Lim's SLM scheme. Table 3 shows the computational complexity and the CCRR of the Wang's SLM scheme aided by the ES method over Wang's SLM scheme. In Table 3 , the complexity is measured by using the comparison of the number of complex additions required for conversion matrix-vector multiplications in Wang's SLM scheme. Since Wang's SLM scheme has a constraint on U, the cases of U = 4, 8, 12 are simulated. We can see that the ES method substantially reduces the computational complexity of Wang's SLM scheme. Table 4 shows the computational complexity and the CCRR of the Baxely's SLM scheme aided by the ES method over Baxley's SLM scheme. For simplicity, the number of alternative OFDM signal sequences is fixed to U = 16. In Table 4 , we can see that the computational benefit of the ES method depends on the value of γ 0 , the saturation PAPR point of HPA.
Note that even for the low-complexity SLM schemes the proposed ES method provides large computational benefit. That is, the ES method can be effectively adopted in almost all the existing SLM schemes such as [24] - [29] to further reduce the computational complexity.
Conclusions
The proposed ES method helps most SLM schemes to select the OFDM signal sequence to be transmitted more rapidly. It is a new approach for reducing the computational complexity of SLM schemes. Aided by the ES method, the alternative OFDM signal components are sequentially generated and the generation procedure can be interrupted according to the component power value in the middle of the generation. As a result, the average computational complexity of the SLM schemes is substantially reduced. It yields a reduction in average power consumption of the system, which is of great importance for present and future wireless communication systems. It is meaningful to mention that the application of the proposed ES method does not degrade the PAPR reduction performance of the SLM scheme being considered. We anticipate that the proposed ES method can be effectively applied to many other SLM schemes beyond the four SLM schemes described in this paper as examples.
